Introduction
Hyaluronic acid (HA) is a linear anionic polysaccharide characterized by a disaccharide repeating unit [4)-D-β-GlcA-(1→3)-D-β-GlcNAc-(1→] and by a high molecular weight (10 5 -10 7 Da). It belongs to the glycosaminoglycans family like chondroitin sulfate, dermatan sulfate, heparan sulfate, heparin and keratan sulfate. Unlike these polysaccharides, HA is not sulfated, and it is not linked to a core protein. It is present in the extracellular matrix (ECM) of higher animals but is also a significant component of some bacterial polysaccharides.
The original description dates 70 years ago, when HA was classified as an inert space-filler polysaccharide. However, the discovery of a large number of hyaluronan binding proteins (hyaloadherins) revealed that HA takes part in many biologically important processes (Day and Prestwich 2002) . In the ECM at the surface of eukaryotic cells, HA interacts with a large array of cell-surface receptors, and it plays a key role in the activation of various intracellular signaling cascades, of importance in both physiological and pathological conditions. These abilities are also related to its size: high-molecularweight hyaluronan is found in healthy tissues, while HA breakdown products signal that injury has occurred and activate the recruitment of monocytes and lymphocytes in the wound site and the expression of inflammatory cytokines (Stern et al. 2006) .
Consequently, hyaluronic acid is a polysaccharide constantly under study, and many efforts have been dedicated to the description of its 3D structure, a key parameter for the elucidation of its rheological properties (Hardingham 2004) or its interaction mechanism with hyaloadherins (Day and Mascarenhas 2004) . The detailed structure of this macromolecule has been defined by crystallographic data on polysaccharide fibers and films (Sheehan and Atkins 1983) . Moreover, the combined use of molecular modeling and nuclear magnetic resonance (NMR) spectroscopy has also permitted to elucidate some conformational features . The crystallographic analyses have revealed that HA oligomers exhibit a regular helical conformation whose features depend on the nature of the counterion and on the pH; generally, the found conformations can be depicted as left-handed helices, with three-or fourfolded periodicity (Sheehan and Atkins 1983) . Molecular modeling demonstrated that the interconversion between the different helix shapes only requires limited conformational modifications at the glycosidic linkages with low associated energy costs (Haxaire et al. 2000) . The NMR spectroscopy analysis in solution yielded the same results, suggesting that the preferential conformation of the molecule was the fourfolded helix .
At this point, it must be evidenced that the NMR-based conformational analyses in solution performed so far have employed Nuclear Overhauser Effects (NOEs) and scalar couplings to deduce the conformational information. Given the chemical nature of HA, a linear polysaccharide, these NMR parameters can only provide local structural information at short range. NOEs sample interproton distances shorter than 4-5 Å, while scalar couplings provide torsion angle restraints only for groups of atoms separated by three bonds. Therefore, the direct information available only focuses on a small area of the compound under study.
In recent years, it has been proposed that this "classical" NOE/J-based approach can be complemented by measuring residual dipolar couplings (RDC). This parameter can be measured by placing the molecule in a weakly orienting medium, field aligned, and permits to measure the orientations of the vectors joining two NMR-active nuclei with respect to the magnetic field. In this manner, global structural information throughout the molecule can be extracted (Lipsitz and Tjandra 2004) and used for conformational analysis as successfully reported for different molecules, including carbohydrates and even glycosaminoglycan oligosaccharides as dermatan (Silipo et al. 2007 ) and heparin (Jin et al. 2009 ).
For water-soluble compounds, the most used aligning media are bicelles, micelles, bacteria phages, cellulose crystals and nalkyl-poliPEG-alcohol mixtures (Yan and Zartler 2005) . For all of them, the alignment effect is the result of steric and electrostatic interactions of the solutes with the medium, which hopefully do not modify their conformational behavior. When neutral media are used, the electrostatic contribution can be neglected, so that the alignment reflects the asymmetries in the shape of the molecule, and its tensor of inertia encodes the structural information (Azurmendi and Bush 2002) .
In this work, RDC data for a hyaluronic acid decasaccharide (HA 10 ) have been collected in anisotropic conditions, using a neutral crystalline medium. The obtained RDC values have been used to restrain the number of conformers generated by molecular dynamics (MD) simulations. The conformer ensembles matching the RDC measurements were analyzed through different tools (MSpin, MacroModel XCluster and POLYS, see Materials and methods), leading to two different helical structures.
Results and discussion
Experimental NMR data acquisition HA was depolymerized by enzymatic treatment (Tranchepain et al. 2006) , and the target decasaccharide (Figure 1 ) was isolated by chromatographic purification.
The NMR analysis of HA 10 was first performed under isotropic conditions, via 1D and 2D NMR. The buffer used in the experiment is phosphate buffer (PB, 10 mM) resulting in the sodium hyaluronate form. The spectral analysis led to the complete assignment of the 1 H and 13 C chemical shifts (Table 1 in  Supporting Information) : signals belonging to the reducing (Figure 1 , unit L) and not reducing (Figure 1 , unit A) ends of the oligomer were distinct from those inside the molecule (units B-I), which collapsed in equivalent sets of resonances.
The found values were in agreement with those reported for shorter oligomers . The analysis of the coupled gradient heteronuclear single-quantum correlation (gHSQC) also led to the determination of the 1 J C,H values for each carbon signal.
Then, in order to measure the RDC ( 1 D C,H ) values, a ternary mixture constituted by PB, pentaethylene glycol mono-octyl ether (C 8 E 5 ) and n-octanol was employed as solvent for HA 10 (Rückert and Otting 2000) .
Estimation of the residual dipolar coupling carbon-proton constants ( 1 D C,H ) was performed through the measurement of the splitting of the corresponding 1 H-13 C correlations in the coupled-HSQC spectra recorded under both conditions, isotropic (PB) and anisotropic (the medium described above). Then, the 1 D C,H constants (Table I) were calculated as the difference between the measured splittings in the anisotropic ( 1 J CH + 1 D CH ) and isotropic ( 1 J CH ) conditions. In the anisotropic medium, GlcNAc C-6 residual dipolar coupling could not be evaluated due to the overlapping with the crystalline medium signals; similarly, GlcA C-2 and GlcNAc C-5 signals partially overlapped, precluding the estimation of their 1 D CH values. Therefore, 1 D C,H was calculated for C-1, C-3, C-4 and C-5 of the GlcA units and for C-1, C-2, C-3 and C-4 of the GlcNAc moieties ( Table I) . As described below, these experimental values were compared with those estimated with MSpin for the conformational ensemble obtained via MD simulations.
MD simulations
With the use of Amber program (Case et al. 2006 ) together with Glycam06e force field (Woods et al. 1995) , a 3.5-ns molecular dynamics trajectory was obtained for HA decasaccharide in explicit water in the presence of neutralizing sodium cations. A preliminary control of the quality of the MD data was performed by analyzing the energy parameters of the system (potential, kinetic and total energy, plus temperature, density and other physical data, as gathered in Figure S1 , in supporting information), and the stability of the conformational ensemble could be checked.
The MD data were further validated by additional analysis. It was assessed that all the pyranose rings maintained the 4 C 1 conformation, as indicated by the trajectories of the intraresidual H-1/H-3 and H-1/H-5 distances, which were constant around 2.7 and 2.5 Å, respectively. The amidic HN proton always adopted the typical anti orientation with respect to H-2 of GlcNAc. Similarly, for the N-acetyl moiety, the carbonyl group was always anti with respect to the amidic proton, whereas the carboxylate plane was almost parallel to the C-5/H-5 bond. The torsion angle values of all glycosidic linkages display limited variation around the main energy minimum as defined Conformational properties of hyaluronic acid using RDC previously by the energy map of each disaccharide linkage (Haxaire et al. 2000) . The Φ value is almost always in agreement with the exo-anomeric effect (Lemieux et al. 1979) , as indicated by the scattered plots (Figures 2 and S2 in Supporting Information). Only some brief visit to an anti-conformation are observed for the (1→3) linkage of residue I close to the reducing end disaccharide.
In this context, the averaged inter-residual distances between the protons around the glycosidic linkages were consistent with the experimentally observed NOEs (data not shown). All the above controls demonstrated the accuracy of the protocol and the employed force field. Thus, the conformation ensemble, referred to as HA TOT , was considered for further analysis.
RDC refinement of the conformer population obtained by molecular dynamics
The MSpin software, through the application of the TRAMITE procedure (Azurmendi and Bush 2002) , was used to select those MD-based conformers with expected RDC close to those experimentally measured. The comparison of the simulated RDC with those provided experimentally (Table I) permitted to rate each molecule, as well as the total and partial MD ensembles, with a quality factor Q. Low Q values indicated a close agreement between the theoretical and experimental RDC values.
The whole MD simulation responded with an averaged Q factor of 0.58. The analysis showed the occurrence of conformers with expected RDC far from the experimental values (Q up to 0.96). Therefore, a Q value of 0.5 was selected and used as threshold to filter out those frames whose estimated RDCs were not consistent with the observed ones. The new Q factor, for the new MD ensemble dubbed HA RDC , was 0.41. The HA RDC ensemble contained 571 frames (33% of the original data). RDCs were simulated on this new pool of structures, and a better agreement with the experimental values was found as expected (Table I) ; finally, the new ensemble, HA RDC , was used for further analysis. V Gargiulo et al.
Comparison of the total and RDC-filtered dynamic data
In order to understand the effect of the RDC filtering on the simulation data, HA TOT and HA RDC were compared, paying attention to the behavior of the Φ,Ψ dihedrals and to the head-to-tail distance (referred to as DIS). Considering HA TOT first, for a given type of linkage, either 1→3 or 1→4, the Φ/Ψ scattered maps (Figures 2 and S2) were similar and showed one main large distribution; additionally, the time-dependent trajectories (Figures 3 and S3) showed that the behavior of each angle was not correlated with the other ones: actually, each Φ (or Ψ) moved within its allowed values, without persisting in any specific state, and with a time behavior apparently unrelated to that of the other dihedrals.
The head-to-tail distance (DIS) was considered as well. This value was estimated by measuring the distance between the anomeric oxygen of the reducing GlcNAc L (Figure 1 ) and the oxygen at position four of the GlcA, at the non-reducing terminus of the molecule (Figure 1, unit A) . Thus, the DIS trajectory (Figure 4) showed that this geometry parameter spanned from 38 to 52 Å.
Then, the Φ/Ψ scattered graphics and trajectories from HA RDC were superimposed with those from HA TOT (Figures 2, 3, S2 and S3) ; it can be observed that this graphical comparison did not reveal any particular difference among the two sets of data. Apparently, each RDC filtered dihedral distribution matched the original sets of values.
However, the effect of the RDC filter in terms of geometry changes appeared clearly when the DIS was considered (Figure 4 ): in this case, the distance variation was restricted to a narrower range and varied between 44 and 52 Å. Oligomers with DIS < 44 Å never met the experimental selection criteria, whereas only a discrete number of those with DIS within the new range were kept. This dramatic selection reflected the fact that only specific combinations of the glycosidic torsions responded to the experimental RDC constraints.
Clustering of the RDC-filtered ensemble As described above, RDC filtering of HA TOT permitted to reduce the number of conformers to be considered for further analysis to one third of the original ensemble. Nevertheless, additional simplification was achieved by clustering the HA RDC ensemble with the MacroModel XCluster program.
As described in the Materials and methods and in Supporting Information, the selection was guided by the Reordering Entropy graphic ( Figure 5 ) and the Maximum Size profile (Figure 6 ). This protocol allowed the selection of cluster level 515, which contained 57 clusters (see Materials and methods section), seven of which represented 70% of the RDC-allowed conformers.
Inspection of the DIS variations within each cluster (Supporting Information, Figure 4) showed the XCluster efficiency for the grouping procedure. The selection of this reduced (70%) set of conformers restricted DIS variation to a narrower range, from ca. 46 to 50 Å. Indeed, this procedure cut out the less populated species at the edges of the DIS distribution and resulted in a fairly limited conformational freedom for HA 10 head-to-tail distance range of only 4 Å around the mean value of 48 Å.
In a further step, the analysis was focused by just considering the averaged structure of each cluster, which was built by setting the glycosidic dihedral angles to the averaged values calculated for the particular cluster considered (Table II) . Conformational properties of hyaluronic acid using RDC Secondary structure analysis with POLYS In order to further compare the distinct geometrical features of each cluster, the helical conformational features of each averaged oligomer were calculated using the POLYS program (Engelsen et al. 1996) , which permits to evaluate the number of repeating units per helical repeat, n, and the axial rise, h.
The n values found before optimization were never integer numbers (Table III) , indicating that the corresponding conformation was in between a 3 2 (n=3, 2 is the number of residues of the repeating unit) and a four-folded (or 4 2 ) helix; h values (Table III) were always negative, disclosing the occurrence of left-handed structures.
This initial evaluation also pointed out that for increasing DIS values of the oligosaccharide, as in cls_61, the three-folded character of the helix was more pronounced, while the fourfolded motif displayed the opposite trend. In a further step, the dihedral angles of each oligosaccharide were optimized by fitting the molecule to a regular three-or four-folded helix. Importantly, the optimized Φ/Ψ values (Table III) fell within the dihedral range (for both the averaged value and the associated error) defined in Table II , thus confirming that both the threeand four-folded helix geometries were possible. As extension of the previous indications pointed out above, the extended conformations of the oligomer adopted the three-folded helix geometry (Table III) , whereas those with a more compact arrangement (with smaller DIS values) were accompanied by switching from the three-to a four-folded helix geometry.
Quantification of three-versus four-folded helical structures
On the basis of the above results, both 3 2 and 4 2 helices occurred in the HA RDC ensemble. Therefore, quantification of the relative participation of the two different geometries, referred to as HA n3 and HA n4 , was performed using the superimposition utility of Maestro. In particular, the divergence of the coordinates between each conformer of the HA RDC ensemble and the selected model, HA n3 or HA n4 , was expressed as a root mean square deviation (RMSD) value, with the smallest values associated to a higher degree of structural similarity to the three-or four-helix model. RMSD values were then visualized as shown in Figure 7 . The two curves displayed a different growing rate, with that for HA n3 being the slower curve. This information permitted to confirm that the best structural homology was that between the HA RDC data and HA n3 .
Also, the number of conformers with the "best" similarity to the considered model (the three-or four-helix model) was also derived. Different values of RMSD were used as selection filter, and the number of the oligomers within a given limit is reported in Table IV. The employment of small RMSD values (<0.6) selected relatively few conformers with a regular n-folded geometry, so it was not considered. On the other hand, the selection of higher RMSD values (as 1.0) permitted to define a more populated group but more divergent from the model structure. Thus, an (Figure 8 ) after visual inspection of the superimposition between a structure with a given RMSD value and its reference model. The 0.75 RMSD value represented a fair compromise, since the selected number of conformers was reasonable, while a good structural similarity with the model structure was maintained. As a result, the number of structures with a "pure" helical conformation within the RDC ensemble followed a HA n3 :HA n4 = 29:7 ratio or an approximate 4:1 ratio, favoring the three-folded helix. It should be noticed that the pure three-folded helical conformer accounted only for 5.1% of the HA RDC ensemble (Table IV) . Nevertheless, this number is only apparently small, since it reflects the probability for nine glycosidic junctions (or 18 dihedrals) to adopt, at the same time, the distinctive values for the three-folded helix structure.
In any case, the analysis carried out herein shows that there is a major population of conformers which conform with the experimental results, namely that possess a pronounced threefolded helix character, or that within each molecule, most of the glycosidic linkages adopt torsion angle values close to a three-folded helix geometry, with a 4:1 proportion with respect to those characterizing the four-folded motif.
Conclusions
The conformation of hyaluronic acid has been studied through the combined used of NMR spectroscopic data and molecular modeling techniques.
From the experimental side, RDC measurements have been selected as experimental restraints, since they provide global structure information and thus have the potential to characterize the overall shape of the molecules (Tjandra and Bax 1997) . Parallel to the experimental NMR data acquisition, a hyaluronate decasaccharide was simulated in explicit water, and the obtained MD data were filtered with the experimental restraints. The analysis of the new conformer ensemble was simplified by clustering the obtained frames with respect to their overall length: this process led to seven representative structures, which were further analyzed and described in terms of their secondary motifs and their ability to best fit certain helix geometry. As a result, hyaluronic acid can adopt two different arrangements described by a three-or four-folded left-handed helix: the first motif is more elongated and occurs more frequently than the second one.
Indeed, the conformation of hyaluronic acid can be described by considering two different geometries, represented by HA n3 and HA n4 . Both forms coexist in solution and interconvert into each other. The observation of the DIS trajectory from the HA RDC data (Figure 4 ) points out the continuous variation of the total length of the oligomer. The molecule spends more time in an extended conformation, adopting a major three-folded helix geometry. However, this motif is not kept continuously and is replaced by a four-folded motif, with a more compact and less elongated arrangement of the molecule.
This information is of paramount importance in the study and comprehension of hyaluronan-protein interactions and is an evidence of how subtle variations in the dihedral angles are accompanied by a switch from one geometry to another, like from a three-to a four-folded helix. Fig. 8 . Overimposition of the model compound (light grey), HA n3 (left) or HA n4 (right), with three conformers from the RDC filtrated ensemble (grey), each with a different RMSD value with respect to the model compound.
Conformational properties of hyaluronic acid using RDC
On the light of this evidence, it is clear that the modulation of HA conformation allows it to accomplish the vast plethora of roles in which it is involved.
Materials and methods
Isolation of the decasaccharide HA 10 Commercial hyaluronic acid (hyaluronic acid sodium salt from Streptococcus equi, Biochemica, 53747), was partially depolymerized using bovine testicular hyaluronidase (type I-S, Sigma, H3506), producing oligosaccharide of various length. The enzymatic digestion was performed using the conditions reported to obtain HA fragments with a molar mass ranging between 2000 and 5000 g/mol (Tranchepain et al. 2006) . The polymer was dissolved in 0.25 M NaNO 3 , 5 mM Na 2 HPO 3 , pH 4 to a final concentration of 5 mg/mL, and treated with hyaluronidase (1 mg of enzyme for 10 mg of HA, at 37°C for 5 h). The enzyme was then denatured, boiling the solution for 15 min.
The resulting mixture of oligosaccharides was then fractionated by SEC using a AcA202 ultrogel (115 × 1.5 cm, flow 0.2 mL/min, eluent: 0.25 M acetic acid and 0.28 M pyridine in water). The fractions collected between 640 and 680 min were recovered, reduced under vacuum and desalted on Sephacryl G-10 (95 × 1.5 cm, flow 0.23 mL/min, H 2 O as eluent). Matrix-assisted laser desorption/ionization analysis indicated a purity of 98% of the decasaccharide.
All the chromatographic separations were monitored online with a refractive index refractometer (K-2310 Knauer).
NMR spectroscopy in isotropic conditions
The decasaccharide (15 mg) was dissolved in PB 10 mM, pH 7 in D 2 O, and transferred into the NMR tube.
1 H and 1 H-13 C NMR experiments were performed on a Bruker DRX-600 spectrometer equipped with a reverse probe. Spectra were calibrated with respect to internal acetone (δ H = 2.225 ppm; δ C = 31.45 ppm) and recorded at 288 K in order to shift downfield the residual water peak and to observe the signal of the β-reducing GlcNAc end. For all the homonuclear spectra, experiments were measured with data sets of 2048 × 512 points and a mixing time of 200, and 120 ms was employed for nuclear Overhauser effect spectroscopy and total correlation spectroscopy, respectively. Each data matrix was zerofilled in both dimensions to give a matrix of 4096 × 2048 points and was resolution-enhanced in both dimensions by a shifted sine-bell function before Fourier transformation.
The HSQC experiment was measured using a data set of 2048 × 512 points, 16 scans were acquired for each t 1 value, and pulse sequence was optimized for a 140-Hz coupling constant. During processing, the matrix was extended to 4096 × 1024 points by forward linear prediction extrapolation.
The coupled-HSQC was performed and processed in the same conditions listed above, but 40 scans were acquired.
NMR spectroscopy in anisotropic conditions
The saccharide was dissolved in a mixture of PB 10 mM, pH 7 in D 2 O, pentaethylene glycol mono-octyl ether (C 8 E 5 ) and noctanol, prepared as reported (Rückert and Otting 2000) .
This liquid crystalline system was selected because it is not charged, it is fairly insensitive to pH and poorly sensitive to salts, it displays a poor binding ability to macromolecules, and it is stable under a wide range of temperatures (0-40°C). In addition, the RDC splitting induced from the medium depends on the composition and not on the specific temperature used, as other employed systems.
After optimization for different ratios of the three components, the weight percentage for the ratio C 8 E 5 /water was 3%, and the molar ratio of C 8 E 5 to n-octanol was 0.87 w/w. Under these conditions, the resulting quadrupolar splitting of the mixture in the 2 H-NMR spectrum was of 14.8 Hz, while the 1 H spectrum kept narrow signals for the sugar resonances. The coupled-HSQC experiments were performed using a data set of 8192 × 256 points acquiring 140 scans for each t 1 value. During processing, the matrix was extended to 4096 × 1024 points by forward linear prediction extrapolation. For both the isotropic and anisotropic conditions, three coupled-HSQC experiments were performed. The obtained coupling constants were averaged. All NMR spectra were acquired, transformed and analyzed with Topspin 2.1 program.
MSpin refinement
The RDC experimental data were analyzed and the alignment tensor determined with the MSpin 1.0.1. (program information at: http://mestrelab.com/Products/MSpin/Details.html). This program calculates the alignment tensor and the theoretical RDC value for both a single conformer and a conformational ensemble.`In this last case, the calculated RDCs represent the averaged values over the whole population. At the end of the process, each structure is rated with a number, dubbed the quality factor Q. Low Q values indicate a close agreement between the theoretical and the experimental values. For a conformation ensemble, the program reports the averaged Q value. Thus, the 1750 molecular frames, obtained through a MD simulation in explicit solvent, were loaded together with the experimental RDC values in the format requested by the employed software. The computation algorithm selected for the RDC calculation was TRAMITE (Azurmendi and Bush 2002) , which assumes that the vectors system of the alignment tensor has the same orientation as that of the inertia vector.
MD of the HA decasaccharide
The decasaccharide was constructed using the building facility offered at the Glycam web page (Complex Carbohydrate Research Center, University of Georgia, Athens, GA; http://www. glycam.com), which provides the final coordinates in the Protein Data Bank (PDB) format. Charges, bond, angle and torsion parameters were taken from the Glycam06 force field (Woods et al. 1995) . Carboxylate groups were set parallel to the H-5/C-5 bond, as suggested from the deposited X-ray structures at the Protein Data Bank (as 2HYA or 2BVK). The molecule was then treated with the Xleap module of Amber9: the global charge of the system was neutralized by adding five sodium ions, and the whole molecule was placed within an 11-Å octahedral TIP3P water box (with 6859 solvent molecules; for more information, the reader can refer to Amber manual).
System coordinates were then saved and used for the successive calculations using the Sander module implemented in Amber9, namely: solvent minimization with strong constrains to the solute (constant volume, 500 SD iterations followed by 500 PRCG iterations), minimization of the whole system (constant volume, 1500 SD and 1500 PRCG iterations), heating of the system up to 288 K with weak constraints to the solute (SHAKE protocol to the C-H bonds, constant volume, 100 ps) system equilibration at 288 K (constant pressure, 100 ps) and the final producing MD simulation at 288 K, at constant pressure, for a total time of 3.5 ns and collecting 1750 frames. The last MD simulation was divided into seven steps of 500 ps each. Each step was concatenated to the previous one and, at the end, all the frames were mounted together on the basis of their increasing simulation time. The simulation was performed using periodic boundary conditions and applying the particle-mesh Ewald approach in order to introduce long-range electrostatic effects for a cutoff of 10 Å.
Conversion from Amber to Maestro coordinates was done by a home-made script.
XCluster
The key information on the use of MacroModel XCluster (version 9.7, Schrödinger, LLC, New York, NY), necessary to understand the selection criterion of the clustering level 515, are reported in the Supporting Information. Creation of the XCluster input file was performed through the Maestro graphical interface (Maestro version 9.0, Schrödinger, LLC, New York, NY), but the calculation was performed by starting the program directly. This approach was necessary since Maestro facilitated the selection of the conformer family and the setting up of the different clustering options but did not allow the possibility to select the desired distance as criterion. The problem was overcome by creating a temporary input XCluster file with three atoms (those defining DIS and a third one), deleting the extra atom in the script with a text editor and directly running the new script with XCluster. Finally, selection of the appropriate cluster level was performed by combining the information from the Reordering Entropy with those from the Maximum Size graphic (Figures 5 and 6, respectively) . Figure 6 represents the number of conformers present in the most populated cluster found at each clustering level. In the present case, it showed that the cls_levels after the entropy minimum, namely from 465 to 516, contained one main cluster with always the same number of conformers (127). The main difference between the different cls_levels (465-516) was related to the number of clusters contained ( Figure 6 ) that decreased from 107 to 56, respectively. As a result of these analyses and in order to reduce the number of clusters to be analyzed, the cls_level 515 was selected. It contained 57 clusters, with the following ones more populated (number of conformers in parenthesis): cls_level_515_1 (127), cls_level_515_3 (92), cls_level_515_6 (61), cls_level_515_13 (42), cls_level_515_61 (31), cls_level_515_58 (25) and cls_level_515_20 (23). These seven clusters represented 70% of the total HA_RDC conformers, and for simplicity, they will be referred to as cls_1, cls_3, etc.
POLYS
In order to evaluate the best fitting helix for hyaluronan oligomers, the POLYS monosaccharide database (Engelsen et al. 1996) was implemented with the Glycam coordinates of the single residues, GlcA and GlcNAc. For our target molecule, POLYS evaluated the best fitting helix conformation which was described through the parameters: h, the axial rise per repeating unit, and n, the number of units per helical turn.
On the basis of the Φ/Ψ values of the repeating unit of the oligosaccharide, the program returned a preliminary n value, which indicated the number of repeating units per helical repeat. In this initial query, n index was never an integer number (Table III) , but it was any value between 3 and 4, indicating that the oligosaccharide might fit both in a three-and a four-folded helix. In the successive optimization procedure, POLYS adjusted each dihedral in order to fit the overall conformation of the oligomer in a regular conformation, either three-or four-folded.
Superimposition analysis
This last analysis was performed by considering two model structures, one with a well-defined three-folded helix geometry, named HA n3 , and HA n4 . The two oligomers were built using the dihedral parameters calculated from the more abundant cluster cls_1 (Table III , similar and representative of cls_3 as well) and included in a Maestro project, together with the HA RDC data ensemble. Then, the superimposition utility of Maestro was used to compare each model geometry to the HA RDC group of structures. The atoms selected for the comparison were those defining the glycosidic junctions of each disaccharide pair (O 5 , C 1 , O 1 , C n and C n+1 ). Then, the fit between the coordinates of one selected conformer and the model structure was expressed as root mean square deviation (RMSD), with small values indicating that the homology degree between the target and the model geometry conformers was fair.
Supplementary data
Supplementary data for this article is available online at http:// glycob.oxfordjournals.org/.
